ABSTRACT: By employing a sodium silicate + titanium tetrabutoxide + trimethylmyristylammonium bromide system, it has been possible to obtain mesoporous titanosilicateTt-MCM-41-type molecular sieves containing systematically varying titanium contents. The samples obtained possessed a high BET specific surface area and exhibited the perfect hexagonal mesoporous structure characteristic for MCM-41 materialseven when the titanium fraction present was as great as 20 mol%. It has been shown that most of the titanium can be expelled from the structure when the materials are treated with sulphuric acid solution. However. such treatment does not destroy their inherent hexagonal structure, thereby suggesting that the titanium is preferentially localized in the mesopore surface layer.The structure/sorption properties of the materials were investigated by X-ray diffractionmethods and by the adsorptionof n-hexaneand water vapour. A possible mechanism for the formation of such MCM-41-type molecular sieves is proposed which suggests that the use of organometallic ethers M(OR)n' accompanied by ether solubilization with organic micellar templates. leads to the preferential localization of M in the mesopore surface.
INTRODUCTION
Because of the importance of titanosilicates in catalytic and photocatalytic processes, the synthesis of such materials. especiaIly those with a high Ti content, is attracting considerable attention. The introduction of Ti into silicates can be effected either by isomorphous substitution in the siliceous matrix or through the formation of titanosilicates on the surface or of a titanium dioxide polymer which sometimes forms as a separate phase inclusion. The degree of isomorphous substitution of silicon by titanium in tetrahedral coordination is probably determined by how strictly the demands for short-range order in the resulting material are met. Literature reports suggest that the amount of titanium capable of being introduced in this manner into zeolites does not exceed more than a few mol% (lone and Vostrikova 1987) but that with amorphous titanosilicates such inclusions can reach values of up to 15 mol% (Kiselev et al. 1980) .
The synthesis of nanoperiodic titanosilicates of MCM-4l type in the presence of surfactants probably involves the condensation of inorganic species within an intermicellar space of a few nanometers diameter where the structural considerations are quite different from those for crystal growth and for amorphous gel formation under bulk conditions. As suggested earlier (Kovalenko 'First presented at the 3rd Polish-Ukrainian Symposium on Theoretical and Experimental Studies of Interfacial Phenomena and their Technological Application. Lviv, Ukraine. 22-24 September 1998. *Author to whom all correspondence should be addressed.
et al. 1997) , this might impose quite different short-range order requirements and may lead to less strict limitations for the inclusion of titanium into the structure. As a consequence, the possibility of obtaining a well-ordered titanosiliceous structure with a relatively high titanium content may be enhanced. However, to date, all attempts to include more than 1-2 mol% Ti into the regular hexagonal structure of MCM-41 have led to the creation of marked distortions (Conna et al. 1994 (Conna et al. , 1995 Franke etal. 1994; Tanev etal. 1994; Blasco etal. 1995; Keshavaraja eta/. 1995; Alba etal. 1996; Tatsumi et al. 1998 ). X-Ray diffraction studies (Alba et al. 1996) showed that as the Ti/Si molar ratio was increased to ca. I: 10, the retention of a hexagonal structure became increasingly dubious despite the fact that all the titanium atoms appeared to exhibit a distorted tetrahedral coordination even at relatively high Ticontent.
We have shown recently that a perfect hexagonal structure may be retained in Ti-MCM-41-type materials at higher Ti content (up to TiISi =1:5) without any separation of a TiO, crystal phase capable of detection by X-ray diffraction (Kovalenko et al. 1999) . However, only part of the titanium in such materials was present in tetrahedral coordination. This may have been caused by the conditions employed for the preparation of such materials, i.e. the use of organotitanous ethers solubilized by micellar surfactants, whose presence could have influenced the formation of the resulting inorganic framework. The present paper presents a brief consideration of the influence of the synthesis conditions on the structurelsorption characteristics of mesoporous titanosilicates with a high Ti content and a highly ordered hexagonal MCM-41-type structure as obtained by hydrothermal methods.
EXPERIMENTAL
Sodium silicate was obtained by the dissolution of highly dispersed silica (Aerosil-3oo, obtained from Oriana, Kalush) according to the method described by lIer (1982) . Titanium tetrabutoxide (TBOT, obtained from Angarsk) and trimethylmyristylammonium bromide (MTMABr, obtained from Fluka) were employed as reactants, the constitution of the initial reaction mixture being (in moles): x TBOT:Si0 2:0.33 Nap:0.20 MTMABr:4oo Hp:x i-PrOH, where i-PrOH stands for isopropanol and x varied from 0.008 to 0.293.
Thus, to an aqueous solution of MTMABr was added, with vigorous stirring, a I: I mixture of TBOT and i-PrOH together with an aqueous solution of sodium silicate. The resulting suspension was stirred magnetically for 10-12 h at ambient temperature and then allowed to stand without agitation for the same period of time. The precipitate thus obtained was filtered off, washed with distilled water and then dried in air at 100°C (this material is referred to below as the as-synthesized sample). Part of this as-synthesized sample was subjected to hydrothermal treatment (HIT) at lOOOC for 3 d, the resulting product being filtered off, washed with distilled water and dried in air at 100°C (this is referred to below as the HIT sample). A further part of the same sample was twice subjected to repeated extraction with a I M ethanolic solution of HCI at 50"C, followed by washing with pure ethanol and drying in air at 100°C (referred to below as the extracted sample). A final part of the as-synthesized sample was calcined in air for 3 h at 540°C (referred to below as the calcined sample).
To determine the amount of titanium present in the calcined sample, part of the latter was dissolved in HF, followed by the removal of excess HF by evaporation of the solution obtained with sulphuric acid, and the resulting peroxotitanate estimated spectrophotometrically at 24 600 em:'.
In order to estimate the surface titanium present, a weighed portion of the calcined sample was ground and then extracted with a hot (70"C) solution of 2.86 M H 2S04 with vigorous stirring for I h. After filtration and washing the residue with the same sulphuric acid solution followed by distilled water, the resulting sample was dried in air at ambient temperature and then at 100°C to constant weight. The filtrate and the combined washing solutions were analyzed as mentioned above. The dried extracted sample was completely dissolved in HF and analyzed for its titanium content in the same manner as for the calcined sample.
The crystal structures of the samples obtained at various stages of the process were monitored by the use of powder X-ray diffraction methods employing a DRON-3M spectrometer with Cu Kn radiation. Adsorption measurements were performed by means of a gravimetric method, the samples having been initially heated in vacuum at 1500C. n-Hexane and water vapour were used as adsorbates and values of the BET specific surface area, SBET' and the pore size distributions were calculated from the n-hexane adsorption isotherms using the Kelvin method.
RESULTS AND DISCUSSION
Materials with Ti/Si mole ratios up to I:5, prepared as above, possessed the hexagonal meso structure characteristic for MCM-41 zeolites with Miller index ratios of ca. I:3:4:7. Even after additional calcination at 680°C for 4 h, the samples exhibited no additional X-ray diffraction reflections corresponding to the presence of any crystalline modification of TiO,. However, the IR and UV spectra for these samples indicated that only a part of the titanium atoms possessed tetrahedral coordination (Kovalenko et al. 1999) . Nevertheless, it is known that some experimental difficulties are associated with almost all methods available for elucidating the coordination state of titanium in Ti-MCM-41-type materials. Thus, with IR spectroscopy, difficulties arise because of the superposition of absorbance bands in the 950-960 em:' region of the spectrum corresponding to the SiO-X (X = H, Ti) bond (Blasco et ai. 1995) and the Ti=O bond (Zhang et al. 1995; Sinclair et al. 1997; Astorino et al. 1995) vibrations. As a result, the intensity and position of such bands are influenced not only by the Ti/Si ratio, but also by the synthesis conditions employed in preparing the samples and the thermal treatment employed for their dehydroxylation. UV reflectance spectroscopy can sometimes be employed to overcome this problem (Astorino et al. 1995) , but the absorbance band at I., = 215-220 nrn, which is characteristic for Ti'" in tetrahedral coordination (Blasco et al. 1995) , cannot always be distinguished in the presence of Ti'" in another coordination state (e.g. octahedral, as in anatase, which exhibits an absorbance at I., =330 nm) or of amorphous TiO~polymers (I., = 270 nm) (Blasco et ai. 1995; Astorino et al. 1995) .
To date, we have been unsuccessful in determining the coordination state ofTi in the Ti-MCM-41-type materials prepared on the basis of the IR and UV spectra of the materials at various stages during their processing, i.e. for the as-synthesized, HIT, calcined and extracted materials and for samples treated with sulphuric acid. However, it is not unreasonable to assume that the titanium component in these materials is located principally in the surface layer of their mesopore structure. Thus, it is known that amorphous TiO~can be dissolved by sulphuric acid (Goroschenko 1972) , and treatment of detemplated (calcined or extracted) Ti-MCM-41-type samples with sulphuric acid under the conditions described above leads to the loss of ca. 50% of their initial weight. This can be interpreted as arising from the complete dissolution of a surface layer enriched with titanium and some part of the titanosiliceous framework structure. Such treatment leaves the hexagonal meso structure of the samples unchanged, i.e. the appearance of the X-ray diffraction spectra and the dloo values of the samples remain unaltered. Indeed, for samples containing a relatively high titanium content c-5.3 mol%), the half-width of the first diffraction reflections diminished, thereby suggesting that their hexagonal order had become even more perfect (see data listed in Table 1 and depicted in Figure I ). This may indicate that the removal of surface titanium leads to a more homogeneous framework being obtained. The remaining titanium in the samples (which amounts .... Table I . to a few mol%) is probably incorporated in the framework in a constitutional manner. The exact nature of the changes induced in such high titanium content samples is now under active investigation. Structure/sorption studies of the calcined and extracted Ti-MCM-41-type materials indicated that they possessed considerable BET specific surface areas, SBET' and total pore volumes, V" associated with their mesoporous structures (see data listed in Table 2 ). These parameters diminished somewhat as the titanium content in the samples increased, a process which was accompanied by a decrease in the degree of structural ordering. Indeed, an abrupt fall in these parameter values occurred when the system no longer exhibited a hexagonal meso structure (see data for last sample listed in Table 2 ). The thickness of the mesopore walls, as calculated by the difference between the call parameter (a o = 2d lO c/.y3 ) and the pore diameter, remained approximately the same (ca. 1.5 nm) for the various titanosilicate samples which possessed a hexagonal mesoporous structure. In general, all the mesoporous titanosilicates which possessed a hexagonal structure (i.e. those with Ti content up to 23.1 mol%) exhibited n-hexane adsorption isotherms whose appearance was similar to those for cyclopentane on pure siliceous MCM-41 (Rathousky et al. 1995 isotherms at relatively high titanium content which, as for the adsorption of inert gases, may be taken as evidence for the absence of any specific interaction between the adsorbate and the adsorbent surface as well as the occurrence of capillary condensation processes in relatively small mesopores.
No appreciable change occurred in the values of SBET and V, when the titanium content in the samples was increased from 3.1 mol% up to 15.9 mol% (see Table 2 ). However, the inflection point in the isotherms moved to lower relative pressures under the same circumstances indicating that the effective pore diameters decreased (see Figure 2 ) although the isotherm shape, which was characteristic of MCM-41 materials possessing mesopores of uniform diameter, was preserved. Overall, these various peculiarities in the adsorption isotherms suggest that, with increasing titanium content, the excess titanium is mainly located in the surface of the mesopore walls, thereby leading to a slight decrease in the pore size and the mesopore volume (see Table 2 ). On this basis, if account is taken of the SBET values determined and the known mole fraction of titanium in the samples, it should be possible to estimate the fraction of the surface occupied by the titanium in the samples [Sn (%») . The corresponding figures are incorporated in Table 2 and suggest that the synthesis conditions employed in the present study led to the formation oftitanosiliceous materials with a hexagonal meso structure, provided that the proportion of the surface occupied by a monolayer of Ti0 412 tetrahedra did not exceed the total mesopore surface area, the value of the specific surface occupied by one Ti0 412 tetrahedron being assumed to be equal to 20 A(Goroschenko 1972).
The water isotherms obtained on the Ti-MCM-41-type samples prepared were quite informative and are worthy of detailed discussion. Their most characteristic feature was the rather small adsorption values at low relative pressures and the considerable hysteresis exhibited over the medium range of PIP, values (see Figure 3) . The former behaviour may be caused by the low degree of hydroxylation of the mesopore surface after calcination of the samples at 540°C, which appeared to be independent of the percentage of titanium present in the samples as may be inferred from the fact that virtually the same amount of water was adsorbed over the initial sections of the isotherms (corresponding to low relative pressure) for all the samples studied irrespective of their titanium content. This observation may also be taken as evidence for the absence of a developed system of micropores in those samples containing a hexagonal structure. The adsorption of water only became appreciable at greater relative vapour pressures with its commencement moving in the direction of lower PIP, values (i.e. from ca. 0.5 down to 0.3) as the titanium content in the samples was increased from 0.9 mol% up to 15.9 mol%. This suggests that the adsorption of a proportion of the water molecules proceeded via the formation of hydrogen bonds with surface hydroxy groups and that the extent of such adsorption varied between samples with different titanium content because of the difference in polarity between Si-O and Ti-O bonds. In addition, the greater ability of TiIV relative to SiIV to undergo coordinative bonding with water molecules may also playa part in the observed behaviour. Indeed, these two properties could provide a possible reason for the two inflections observed in the water isotherms for those samples with Ti0 2 contents~7.0 mol%, with such behaviour being clearly obvious for those samples containing higher titanium levels (see Figure 3) . From the isotherms depicted in Figure 3 , it will be seen that the capillary condensation of water occurred after preliminary hydration of the mesoporous surface which proceeded at PIP, values of ca. 0.6. The dimensions and volume of such mesopores decreased somewhat with increasing titanium content in the samples (see Figure 3 and data listed in Table 2 ) and although, in general, they were quite close to those determined·from hexane adsorption experiments, it is not unreasonable to expect some differences because of the known differences in the character of pore filling in mesoporous materials by various molecules. The hysteresis observed in the adsorption isotherms was obviously caused by the fairly strong adsorptive binding of water molecules in the mesopores, which increased with increasing titanium content. Although the position of the hysteresis loop seemed to be the same from sample to sample, some modification in its form and a narrowing in its width may be attributed to the modification in the overall shape of the isotherms and in the mechanism of the adsorption process. The appearance of a second hysteresis loop in the relative pressure region PIP, > 0.8 is probably associated with the formation of a small proportion of larger (secondary) mesopores with diameters greater than ca. 20 nm. It should be noted, however, that the volume of such secondary mesopores amounted to less than 10% of the total pore volume of the samples studied. Such peculiarity in behaviour was only observed in titanosilicate samples containing the highest titanium content and may be attributed to the loss in hexagonal structure experienced by such materials.
The peculiarities of mesoporous titanosiliceous materials discussed above may be rationalized on the basis of the synthetic conditions employed, particularly the use of titanium tetrabutoxide (TBOT), the introduction of a cationic surfactant, the relatively low concentration of organic solvent (isopropanol) employed and the high content of water in the system. Because of the insolubility of the ether in water and the use of a low concentration of organic solvent, the ether molecules were mainly solubilized through their incorporation into a micellar system. As such, ether molecules containing at least one hydrolyzed alkoxy group were localized in the surface layer of the micelle, their hydroxy group being oriented outwards from the micelle and their unhydrolyzed alkoxy groups buried within its structure. Such unhydrolyzed groups would be gradually hydrolyzed by the trace amounts of water present in the micelle and should, after time, also move to the surface of the micelle. After hydrolysis of the second and subsequent alkoxy groups, followed by co-condensation and the processes of inorganic framework formation, the ether molecules exit the surface layer of the micelle, the places vacated being occupied by other ether molecules introduced into the system through the addition of ether to the reaction mixture. Hence, the surface layer of a micelle will exert a concentrating and orienting action on amphiphilic reactant molecules (and particularly on the semi-hydrolyzed TBOT employed in the present work) in the same manner as has been described previously for micellar catalysis processes (Bunton and Savelli 1986) .
In the system employed here, the process of TBOT hydrolysis and condensation proceeded in the presence of water-soluble precursors, i.e. silicate oligomers, situated in the intermicellar space. As a consequence, co-condensation of titanium species with silicate occurred on the inner surface of the silica network being formed, in line with the proposed mechanism for the formation of Ti-MCM-41-type materials with organometallic ethers depicted in Figure 4 . Studies reported in the literature have demonstrated that the values of d. oo (and of the lattice parameter, a) are determined by the size of the templating micelles which, in turn, depend on the amount of organic compound, e.g. mesitylene (Beck et al. 1992) or n-alkanes (Ulagappan and Rao 1996), solubilized. The magnitude of the corresponding charge density on the micellar surface may also be important (Monnier et al. 1993) . Thus, it is not unreasonable to expect that because of the solubilization of TBOT within the micelles, the sizes of the latter will increase as the concentration of TBOT increased in the reaction medium with a consequent increase in the values of a o with increasing titanium content in the resulting Ti-MCM-41 materials. However, as demonstrated by the data listed in Table 2 , a decrease in a o was observed with increasing titanium content, certainly after a value of7.0 mol% Tif), had been attained in the system. This apparent discrepancy may be explained by the assumption that the solubilized TBOT was totally consumed before the formation of the inorganic framework structure had been completed. Thus, the constant value of a o observed for materials with titanium content up to 7.0 mol% may be connected with the constant surface charge density attained by the templating micelles over the period of structure formation when up to 15% of their surface was covered by titanium species (see Table 2 ). Certainly this was the situation for the as-synthesized samples where the decrease in an with titanium content was quite small (not greater than 0.2 nm), although greater changes in this parameter (0.4-0.8 nm)
were observed for HIT samples (Kovalenko et al. 1999) where a o increased possibly as a consequence of micellar surface and framework hydration and after calcination where a o decreased as a consequence of dehydration, dehydroxylation and additional condensation of the framework-forming substance. However, greater clarification of the various factors involved must await further investigation of the structure/sorption characteristics of samples prepared with differing titanium content.
The known trimerization of TBOT (Bradley et al. 1957; Babonneau et al. 1988 ) could also introduce some peculiarities into the co-condensation process. Thus, the mechanism of hydrolysis and condensation of such organometallic ethers which has been investigated in the presence of approximately equimolecular quantities of water (Bradley et al. 1957) could be substantially altered in the presence of a considerable excess of water and of surfactant micelles containing other framework-forming precursors as occurred in the synthesis of the Ti-MCM-41-type materials studied in this work.
-- 
CONCLUSIONS
A. S. Kovalenko et al./Ad.mrption Science & Technology Vol. 17 No.4 1999 Hydrothermal synthesis employing reactants such as sodium silicate, titanium tetrabutoxide and trimethylmyristylammonium bromide (MTMABr) leads to the formation of mesoporous molecular sieves of MCM-41 type with a titanium content of up to 20 mol% and having a perfect hexagonal structure. The high values of SBET and V s for these materials, as determined from hexane adsorption studies, are characteristic for MCM-41 zeolites. The materials possessed a fairly high hydrolytic stability, thereby allowing the investigation of their water vapour adsorption properties leading to the elucidation of some of their porous structure features and of the chemical nature of their pore surfaces. It has been found that the structure/sorption characteristics of the materials obtained remained approximately constant over the Ti0 2 content range of 3.0 mol% to 20.0 mol%.
Most of the titanium in these materials may be eliminated by reflux with sulphuric acid solution without any damage to their hexagonal mesoporous structures, thereby suggesting the preferential location of the titanium on the surface of the mesopores. A probable mechanism for the formation of such materials, involving the solubilization of organotitanium ethers by surfactant molecules, has been proposed. The mechanism also apparently operates in the presence of other organometallic ethers and of a number of other hydrophobic, hydrolyzable molecules.
